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Abstract 
This paper reports the second part of a study on the web crippling strength of  cold-
formed steel channel sections with web holes under the end-one-flange (EOF) loading 
condition. A parametric study is presented, using validated finite element models from 
the companion paper, that investigates the effect of web hole and cross-section sizes. The 
holes are located either centred above the bearing plates or with a horizontal clear distance 
to the near edge of the bearing plates. It was demonstrated that the main factors 
influencing the web crippling strength are the ratio of the hole depth to the depth of the 
web, the ratio of the length of bearing plates to the flat depth of the web and the location 
of the holes as defined by the distance of the hole from the edge of the bearing plate 
divided by the flat depth of web. In this study, design recommendations in the form of 
web crippling strength reduction factor equations are proposed, which are conservative 
when compared with the experimental and finite element results.  
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Nomenclature 
 
A Web holes ratio; 
a Diameter of circular web holes; 
bf Overall flange width of section; 
bl Overall lip width of section; 
COV Coefficient of variation; 
d Overall web depth of section; 
dhole Clear distance between holes; 
ded Distance between end of member and edge of hole; 
DL Dead load; 
E <RXQJ¶VPRGXOXVRIHODVWLFLW\ 
FEA Finite element analysis; 
Fm Mean value of fabrication factor; 
fy Material yield strength; 
h Depth of flat portion of web; 
L Length of specimen; 
LL Live load; 
Mm Mean value of material factor; 
N Length of bearing plate; 
P Experimental and finite element ultimate web crippling load per web; 
PBS Nominal web crippling strength obtained from British Standard; 
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PEuro Nominal web crippling strength obtained from European Code;  
PEXP Experimental ultimate web crippling load per web; 
PFEA 
PNAS 
Web crippling strength per web predicted from finite element (FEA); 
Nominal web crippling strength obtained from North American Specification;  
Pm Mean value of tested-to-predicted load ratio; 
R Reduction factor; 
RP Proposed reduction factor; 
ri Inside corner radius of section; 
t Thickness of section; 
VF Coefficient of variation of fabrication factor; 
VM Coefficient of variation of material factor; 
VP Coefficient of variation of tested-to-predicted load ratio; 
x Horizontal clear distance of web holes to near edge of bearing plate; 
X Web holes distance ratio; 
T
E 
Angle between web and bearing surface; 
Reliability index; 
I Resistance factor. 
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1   Introduction 
Strength reduction factor equations have recently been proposed by Uzzaman et al. 
[1-4] for the web crippling strength of cold-formed steel channel sections with circular 
holes in the web under the end-two-flange (ETF) and interior-two-flange (ITF) loading 
conditions. This paper extends the work of Uzzaman et al. [1-4] to consider the end-one-
flange (EOF) loading condition for cold-formed steel channel sections with circular holes 
in the web. 
For this EOF loading condition, experimental and numerical investigations have 
been discussed in the companion paper [5]. In this study, non-linear finite element 
analysis (FEA) is used to conduct parametric studies to investigate the effect of circular 
holes; as shown in Fig. 1, these holes are either located centred above the bearing plates 
or having a horizontal clear distance to the near edge of the bearing plates. The cases of 
both flanges unfastened and fastened to the bearing plates are considered.  
In the literature, for the EOF loading condition, LaBoube et al. [6] have previously 
considered the case of a circular hole having a horizontal clear distance to the near edge 
of the bearing plates, but only for the case where the flanges are fastened to the bearing 
plates. The strength reduction factor equation proposed by LaBoube et al. [6] was 
subsequently adopted by the North American Specification (NAS) [7] for cold-formed 
steel sections. This strength reduction factor equation, however, was limited to 
thicknesses ranging from 0.83 mm to 1.42 mm. Other similar work described in the 
literature include that of Yu and Davis [8] who studied the case of both circular and square 
web openings located and centred beneath the bearing plates under the interior-one-flange 
loading condition, Sivakumaran and Zielonka [9] who considered the case of rectangular 
web openings located and centred beneath the bearing plates under the interior-one-flange 
loading condition, and Zhou and Young [10] who proposed strength reduction factor 
equations for aluminium alloy square sections with circular web openings located and 
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centred beneath the bearing plates under the end-two-flange and interior-two-flange 
loading conditions. Recent research on web crippling of cold-formed steel channel 
sections, other than that by Uzzaman et al. [11-14] ,who again considered only the two-
flange loading conditions, has not covered the case of holes. 
In this study, the general purpose finite element program ABAQUS [15] was used 
for the numerical investigation. Using finite element (FE) models validated in the 
companion paper [5], a parametric study was performed to investigate the effects of web 
holes and cross-section sizes. The holes are located either centred above the bearing plates 
or with a horizontal clear distance to the near edge of the bearing plates. Based on the test 
data found in the companion paper [5], both for the case of channel sections without holes 
and with holes, and the numerical results obtained from this study, an extensive statistical 
analysis was performed. For channel sections with circular web holes, design 
recommendations in the form of web crippling strength reduction factor equations are 
proposed, which are conservative when compared with the experimental and finite 
element results. 
2   Experimental investigation 
Lian et al. [5] presented a test programme on cold-formed steel channel sections 
with circular web holes subjected to web crippling, as shown in Fig. 2. As can be seen, 
each test comprised a pair of channel sections with a load transfer block bolted between 
them. Washer plates of thickness 6 mm were bolted to the outside of the webs of the 
channel sections. The size of the web holes was varied in order to investigate the effect 
of the web holes on the web crippling strength. Circular holes with nominal diameters (a) 
ranging from 55 mm to 179 mm were considered in the experimental investigation. The 
ratio of the diameter of the holes to the depth of the flat portion of the webs (a/h) was 0.2, 
0.4 and 0.6. All test specimens were fabricated with web holes located at the mid-depth 
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of the webs and centred above the bearing plates or with a horizontal clear distance to the 
near edge of the bearing plates (x), as shown in Fig. 1. The test data reported in the 
companion paper [5] are used in this paper for the development of web crippling strength 
reduction equations.  
3   Numerical investigation 
The non-linear general purpose finite element program ABAQUS [15] was used to 
simulate the web crippling behaviour of  the channel sections with and without holes. The 
bearing plates, the load transfer block, the channel sections with circular holes and the 
contact interfaces between the bearing plates and the channel section and load transfer 
block were modelled. The details of the FEM are described in the companion paper [5]. 
In the finite element model, the measured cross-section dimensions and the material 
properties obtained from the tests were used. The channel sections of the model were 
based on the centreline dimensions of the cross-sections. ABAQUS [15] required the 
material stress-strain curve input as true stress-true curve. The stress-strain curves were 
directly obtained from the tensile tests and converted into true stress-strain curves as 
specified in the ABAQUS manual [15]. Finite element mesh sizes were 5 mm × 5 mm for 
the cold-formed steel channel sections and  8 mm × 8 mm for the bearing plates and load 
transfer blocks.  
The channel section specimens were tested in pairs, which were bolted to a load 
transfer block at the central loading point through the web by vertical row of M16 high 
tensile bolts. In the shell element idealisation, cartesian connectors with an in-plane 
stiffness were used to simulate bolt-hole elongation instead of physically modelling bolts 
and holes. ³&211'´FRQQHFWRUHOHPHQWs were used to model the in-plane translational 
stiffness i.e. y- and z-directions. The in-plane stiffness of the connector element was 10 
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kN/mm, which Lim et al. [18-19] suggestion would be suitable. In the x-direction, the 
nodes were prevented from translating.  
4   Parametric study 
The finite element model developed closely predicted the behaviour of the channel 
sections with circular web holes subjected to web crippling. Using these models, 
parametric studies were carried out to study the effects of web holes and cross-section 
sizes on the web crippling strengths of channel sections subjected to web crippling. The 
cases of both flanges fastened and flanges unfastened to the bearing plates were 
considered.  
The web crippling strength predicted was influenced primarily by the ratio of the 
hole depth to the flat portion of the web, the ratio of the bearing length to the flat portion 
of the web and the location of the hole as defined by the distance of the hole from the 
edge of the bearing divided by the flat portion of the web. In order to find the effect of 
a/h, N/h and x/h on the web crippling strength of channel sections with web holes, 
parametric studies were carried out considering the web holes, different bearing plate 
lengths, the cross-section sizes and location of the holes. 
The specimens consisted of three different section sizes, having thicknesses (t) 
ranging from 1.23 mm to 6.0 mm and web slenderness (h/t) values ranging from 111.7 to 
157.8. The ratios of the diameter of the holes (a) to the depth of the flat portion of the 
webs (h) were 0.2, 0.4, 0.6 and 0.8. The ratios of the distance of the holes (x) to the depth 
of the flat portion of the web (h) were 0.2, 0.4 and 0.6. Bearing plates of lengths (N) equal 
to 100 mm, 120 mm and 150 mm are considered. For each series of specimens, the web 
crippling strengths of the sections without the web holes were obtained. Thus, the ratio 
of the web crippling strengths for sections with web holes divided by the sections without 
web holes, which is the strength reduction factor (R), was used to quantify the degrading 
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influence of the web holes on the web crippling strengths. The material properties 
obtained from the coupon tests are presented in the companion paper [5] were used in the 
finite element models in the parametric study.  In Tables 1 to Table 6, the specimens were 
labelled such that the nominal dimension of the specimen and the length of the bearing as 
well as the ratio of the diameter of the holes to the depth of the flat portion of the webs 
(a/h) could be identified from the label. Details of the specimens labelling are described 
in the companion paper [5]. 
For the centred hole, a total of 182 specimens was analysed in the parametric study 
investigating the effect of the ratios of a/h and N/h. The cross-section dimensions as well 
as the web crippling strengths (PFEA) per web predicted from the FEA are summarised in 
Table 1 and Table 2.  
The effect of the ratios of a/h and N/h  on the reduction factor of the web crippling 
strength is shown in Fig. 3 and Fig. 4 for the C142 specimen. From Fig. 3(a), as can be 
expected, as the parameter a/h increases the reduction in strength also increases (or the 
strength reduction factor decreases); also, as expected, the reduction in strength of the 6 
mm thick sections is smallest and that the reduction in strength increases as the section 
becomes thinner. From Fig. 3(b), it can be seen that the reduction in strength for the 
fastened case is less than the flanges unfastened case. 
From Fig. 4(a), it can be seen that the reduction in strength is not sensitive to the 
ratio N/h. Again, the 6 mm thick sections have the smallest reduction in strength (or the 
highest strength reduction factor); also, as the parameter a/h increases the reduction in 
strength decreases. From Fig. 4(b), it can be seen that the reduction in strength is more 
sensitive to the N/h ratio for the flanges fastened case; for the 1.3 mm thick section the 
reduction in strength decreases as the ratio N/h increases.  
For the offset hole, a total of 456 specimens was analysed in the parametric study 
investigating the effect of a/h and x/h. The cross-section dimensions as well as the web 
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crippling strengths (PFEA) per web predicted from the FEA are summarised in Tables 3 to 
6. 
The effect of the ratios of a/h and x/h  on the reduction factor of the web crippling 
strength is shown in Fig. 5 and Fig. 6 for the C142 specimen. From Fig. 5(a), as can be 
expected, as the parameter a/h increases the reduction in strength also increases (or the 
strength reduction factor decreases); however, this reduction in strength is small. From 
Fig. 5(b), it can be seen that the reduction in strength is almost the same for the flanges 
fastened case. 
From Fig. 6(a), it can be seen that the reduction in strength is not sensitive to the 
ratio x/h. The reduction in strength can be seen to be more sensitive to the ratios of a/h. 
From Fig. 6(b), it can be seen that the reduction in strength is less for the flanges fastened 
case.  
5  Reliability analysis 
The reliability of the cold-formed steel section design rules is evaluated using 
reliability analysis. The reliability index (ȕ) is a relative measure of the safety of the 
design. A target reliability index of 2.5 for cold-formed steel structural members is 
recommended as a lower limit in the NAS [7]. The design rules are considered to be 
reliable if the reliability index is greater than or equal to 2.5. The load combination of 
1.2DL + 1.6LL as specified in the American Society of Civil Engineers Standard [20] 
was used in the reliability analysis, where DL is the dead load and LL is the live load. 
The statistical parameters are obtained from Table F1 of the NAS [7] for compression 
members, where Mm = 1.10, Fm = 1.00, VM = 0.10, and VF = 0.05, which are the mean 
values and coefficients of variation for material properties and fabrication factors. 
The statistical parameters Pm and VP are the mean value and coefficient of 
variation of load ratio are shown in Tables 10 to Table 13, respectively. In calculating the 
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reliability index, the correction factor in the NAS was used. Reliability analysis is detailed 
in the NAS [7]. In the reliability analysis, a constant resistance factor (I) of 0.85 was 
used. It is shown that the reliability index (ȕ) is greater than the target value of 2.5 as 
shown in Tables 10 to 13.  
6  Comparison of experimental and numerical results with current design 
strengths for cold-formed steel sections without web holes 
As mentioned earlier, the current cold-formed design standards [7, 16, 17] do not 
provide design recommendations for cold-formed steel sections with web holes subjected 
to web crippling under EOF loading conditions, where the hole is located centred above 
the bearing plate. However, the web crippling strengths for sections without holes, from 
tests and FEA results, can be compared with the web crippling strengths obtained from 
design codes. 
According to Beshara and Schuster [21], NAS [7] design expressions have 
limitations in the parameters. The design equation for the case of flanges fastened to the 
supports, is limited to specimen thicknesses ranging from 1.16 mm to 1.45 mm and 0.2% 
proof stress (yield stresses) ranging from 323 MPa to 448 MPa. The design equation for 
the case of flanges unfastened to the supports, is limited to specimen thicknesses ranging 
from 1.194 mm to 1.326 mm and yield stress ranging from 301.8 MPa to 324.6 MPa. It 
should, however, be noted that the above range of specimens were considered for the 
comparison of results.  
 For the case of flanges unfastened to the bearing plates, Table 7 shows the 
comparison of web crippling strength with design strength for the EOF loading condition. 
The current design standard NAS design strength do not considered ri/t ratios greater than 
3. In the British Standard and Eurocode comparison, the mean values of the ratios are 
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1.65 and 1.54 with the corresponding coefficients of variation (COV) of 0.195 and 0.181, 
respectively.  
For the case of flanges fastened to the bearing plates, Table 8 shows the comparison 
of web crippling strength with design strength for the EOF loading condition. The British 
Standard and Eurocodes provide unreliable web crippling strengths predictions for the 
case of flanges fastened. A comparison of these values with the corresponding 
experimental and numerical values indicates that although the British Standard and 
Eurocode values are lower bound, they are about 76% lower than the experimental and 
numerical failure loads. It is noted that British Standard and Eurocode are too 
conservative for the web crippling strengths of cold-formed steel lipped channel -sections 
without web holes. The current design standard NAS design strength do not considered 
ri/t ratios greater than 3. 
7   Comparison of experimental and numerical results with current design 
strengths for cold-formed steel sections with web holes strength reduction factors 
As mentioned earlier, the current design standard NAS [7] provides design rules for 
web holes located at the mid-height of the specimen having a horizontal clear distance to 
the near edge of the bearing plates for the case of flanges fastened to the bearing plates. 
The web crippling strength predicted from test and FEA results were compared with the 
web crippling strength obtained from the current design standard NAS [7].  
In accordance with NAS [7], for offset holes for the case where the flanges fastened 
to the bearing plates,  
            0.1083.0325.001.1 d 
h
x
h
a
R                              (1) 
where the limits for the reduction factor equation (1) are 1   PP ,200/ dth
,7.0/ dha  FOHDUGLVWDQFHEHWZHHQKROHVPPGLVWDQFHEHWZHHQHQGRIPHPEHUDQG
HGJHRIKROHVGa PPDQG 090T  . 
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Furthermore, as mentioned by LaBoube et al. [6], who proposed the NAS [7] design 
expressions, there are limitations in the parameters. The design equation for the case of 
web holes located at the mid-height of the specimen having a horizontal clear distance to 
the near edge of the bearing plates for flange fastened case, are limited to thickness 
ranging from 0.83 mm to 1.42 mm and yield stress ranging from 324 MPa to 392 MPa. 
Only specimens within the above ranges were considered for the comparison described 
below.  
Table 9 shows the comparison of web crippling strength with NAS design strength 
for an offset hole for the case of flanges fastened to the bearing plates. As can be seen, 
the value of Pm is 1.03 with the corresponding COV of 0.033 i.e. the design strengths 
obtained from NAS are conservative and are on average only 3% lower than the 
experimental and finite element failure loads.  
In Section 8 of this paper, four new strength reduction factor equations are 
proposed. These cover the EOF loading condition for centred and offset holes for the 
cases of both flanges unfastened and fastened to the bearing plates. It should be noted that 
although the NAS equation for an offset hole for the case of flanges fastened to the bearing 
plates are conservative and reasonable, the new equation proposed has a lower value of 
Pm as well as covers a wider range of limits.  
8   Proposed strength reduction factors 
 Comparing the failure loads of the channel sections having web holes with the 
sections without web holes, as shown in Tables 1 to Table 6,  it can be seen that, as 
expected, the failure load decreases as the size of the web holes increases. It can also been 
seen that the failure load increases slightly as the length of the bearing plates increases 
and the distance of the web holes increases.  
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Evaluation of the experimental and the numerical results show that the ratios a/h, 
N/h and x/h are the primary parameters influencing the web crippling behaviour of the 
sections with web holes. Therefore, based on both the experimental and the numerical 
results obtained from this study and the companion paper [5], four strength reduction 
factor (Rp) are proposed using bivariate linear regression analysis for the end-one-flange 
loading condition for the centred hole and offset hole, respectively.  
For centred hole:  
For the case where the flanges are unfastened to the bearing plates,  
        1)(09.0)(34.096.0 d 
h
N
h
a
Rp         (2) 
For the case where the flanges are fastened to the bearing plates, 
       1)(16.0)(41.093.0 d 
h
N
h
a
Rp         (3) 
For offset hole:  
For the case where the flanges are unfastened to the bearing plates,  
        1)(14.0)(26.097.0 d 
h
x
h
a
Rp         (4) 
For the case where the flanges are fastened to the bearing plates, 
       1)(07.0)(14.097.0 d 
h
x
h
a
Rp         (5) 
The limits for the reduction factor in equations (2), (3), (4) and (5) are 8.157/ dth , 
97.120/ dtN , ,15.1/ dhN /  0.8a h d , and 090T  . 
9   Comparison of experimental and numerical results with proposed reduction 
factor 
The values of the strength reduction factor (R) obtained from the experimental and 
the numerical results are compared with the values of the proposed strength reduction 
factor (Rp) calculated using Eqs. (2), (3), (4) and (5) as plotted against the ratios a/h and 
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h/t in Figs. 7 to 10, respectively. Tables 10 to 13 summarize a statistical analysis to define 
the accuracy of the proposed design equations. It is shown that the proposed reduction 
factors are generally conservative and agree with the experimental and numerical results 
for both cases. 
For the centred hole, the mean value of the web crippling reduction factor ratios are 
1.00 and 1.00 for the case of flanges unfastened and fastened to the bearing plates, 
respectively. The corresponding values of COV are 0.091 and 0.092, respectively; 
similarly, the reliability index values are (ȕ) of 2.69 and 2.69, respectively. 
For the offset hole, the mean value of the web crippling reduction factor ratios are 
1.00 and 1.01 for the case of flanges unfastened and fastened to the bearing plates, 
respectively. The corresponding values of COV are 0.042 and 0.029, respectively; 
similarly, the reliability index values are (ȕ) of 2.86 and 2.91, respectively. Thus, the 
proposed strength reduction factor equations are able to predict the influence of the web 
holes on the web crippling strengths of channel sections for the EOF loading condition. 
10   Conclusions  
           A parametric study of lipped channel sections having circular web holes subjected 
to end-one-flange (EOF) web crippling loading condition, where circular web holes are 
located at the mid-depth of the webs and centred above the bearing plates or with a 
horizontal clear distance to the near edge of the bearing plates, have been presented. Non-
linear finite element models were used in the parametric study, which has been verified 
against the test results. Evaluation of the experimental and the numerical results show that 
ratio a/h, N/h and x/h are the primary parameters that influence the web crippling 
behaviour of the sections with web holes. In order to determine the effect of the ratio a/h, 
N/h and x/h on the web crippling strength, parametric studies were carried out considering 
the web holes, the cross-section sizes and the different bearing plate lengths.  
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 The web crippling strengths of cold-formed channel sections without holes obtained 
from tests and finite element analyses were compared with the current design strengths 
calculated from NAS [7], British Standards [16], and Eurocodes [17]. The British 
Standards and Eurocodes underestimate the web crippling strengths by around 76% and 
the current design code NAS design strength does not consider ri/t ratios greater than 3. 
It is shown that Eurocode and British Standard are very conservative for the web crippling 
strengths of cold-formed lipped channel sections without web holes. 
Only NAS provides reduction factors for the case of circular holes with a horizontal 
clear distance to the near edge of bearing plates and only for the case of flanges fastened 
to the bearing plates. The design strengths obtained from NAS are 3% lower than the 
experimental and finite element failure loads, which shows that NAS provides reasonable 
prediction for the web crippling behaviour of cold-formed steel channel sections with web 
holes. In this paper, modified coefficients are proposed that have been shown to cover a 
wider range of section parameters than the NAS coefficients.  
 Based on 74 test results and 638 numerical results, four new web crippling strength 
reduction factor equations were proposed for the EOF loading condition for the cases of 
both flanges unfastened and fastened to the bearing plates. Reliability analysis was 
performed to evaluate the reliability of the proposed strength reduction factors. It is shown 
that the proposed strength reduction factors are generally conservative and agree well 
with the experimental and numerical results. The proposed strength reduction factors are 
capable of producing reliable limit state design when calibrated with the resistance factor 
of 0.85 )85.0(  I . 
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Table  1 
Dimensions and web crippling strengths predicted from finite element analysis in parametric study of a/h for centred hole where flanges unfastened to bearing 
plates 
Specimen Web Flange   Lip Thickness Length FEA load per web, PFEA 
 d bf bl t L A0 A0.2 A0.4 A0.6 A0.8 
  (mm) (mm) (mm) (mm) (mm) (kN) (kN) (kN) (kN) (kN) 
142x60x13-t1.3-N100-FR 142.70 59.79 13.23 1.23 720.0 4.77 4.58 3.96 3.26 - 
142x60x13-t4.0-N100-FR 142.70 59.79 13.23 4.00 720.0 41.69 41.37 39.31 32.77 - 
142x60x13-t6.0-N100-FR 142.70 59.79 13.23 6.00 720.0 68.73 68.61 68.15 65.39 - 
142x60x13-t1.3-N120-FR 142.09 60.07 13.34 1.25 760.0 5.33 5.14 4.48 3.74 - 
142x60x13-t4.0-N120-FR 142.09 60.07 13.34 4.00 760.0 41.77 41.59 39.89 36.60 - 
142x60x13-t6.0-N120-FR 142.09 60.07 13.34 6.00 760.0 68.90 68.78 68.39 66.16 - 
142x60x13-t1.3-N150-FR 142.15 60.06 13.27 1.24 820.0 5.64 5.26 4.68 4.00 3.32 
142x60x13-t4.0-N150-FR 142.15 60.06 13.27 4.00 820.0 42.30 41.92 41.49 40.17 36.80 
142x60x13-t6.0-N150-FR 142.15 60.06 13.27 6.00 820.0 69.05 68.84 68.49 67.64 65.31 
202x65x15-t1.4-N100-FR 201.99 65.36 14.84 1.35 900.0 4.52 4.09 3.57 - - 
202x65x15-t4.0-N100-FR 201.99 65.36 14.84 4.00 900.0 40.67 38.64 32.12 - - 
202x65x15-t6.0-N100-FR 201.99 65.36 14.84 6.00 900.0 73.33 72.84 68.51 - - 
202x65x15-t1.4-N120-FR 202.07 65.37 14.85 1.35 940.0 4.62 4.49 3.98 3.14 - 
202x65x15-t4.0-N120-FR 202.07 65.37 14.85 4.00 940.0 40.97 40.50 35.34 26.78 - 
202x65x15-t6.0-N120-FR 202.07 65.37 14.85 6.00 940.0 73.74 73.37 70.51 58.43 - 
202x65x15-t1.4-N150-FR 202.13 65.40 14.72 1.35 940.0 5.02 4.73 4.24 3.48 - 
202x65x15-t4.0-N150-FR 202.06 65.25 14.52 4.00 940.0 41.51 41.24 39.33 31.58 - 
202x65x15-t6.0-N150-FR 202.06 65.25 14.52 6.00 940.0 74.13 73.58 72.40 67.34 - 
302x90x18-t2.0-N100-FR 303.42 88.20 18.56 1.90 1199.0 8.36 8.07 - - - 
302x90x18-t4.0-N100-FR 303.42 88.20 18.56 4.00 1199.0 43.30 40.76 - - - 
302x90x18-t6.0-N100-FR 303.42 88.20 18.56 6.00 1199.0 81.63 81.51 - - - 
302x90x18-t2.0-N120-FR 302.35 89.08 18.61 1.90 1238.8 8.61 8.30 7.67 - - 
302x90x18-t4.0-N120-FR 302.35 89.08 18.61 4.00 1238.8 44.69 42.14 36.08 - - 
302x90x18-t6.0-N120-FR 302.35 89.08 18.61 6.00 1238.8 82.43 81.80 78.45 - - 
302x90x18-t2.0-N150-FR 303.37 88.86 18.45 1.90 1299.9 9.17 8.80 8.30 - - 
302x90x18-t4.0-N150-FR 303.37 88.86 18.45 4.00 1299.9 46.63 44.12 38.30 - - 
302x90x18-t6.0-N150-FR 303.37 88.86 18.45 6.00 1299.9 83.29 82.37 81.44 - - 
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Table  2  
Dimensions and web crippling strengths predicted from finite element analysis in parametric study of a/h for centred hole where flanges fastened to bearing 
plates 
Specimen Web Flange   Lip Thickness Length FEA load per web, PFEA 
 d bf bl t L A0 A0.2 A0.4 A0.6 A0.8 
  (mm) (mm) (mm) (mm) (mm) (kN) (kN) (kN) (kN) (kN) 
EOF142x60x13-t1.3N100FX 142.13 60.06 13.17 1.27 720.0 7.06 6.81 5.80 5.17 - 
EOF142x60x13-t4.0N100FX 142.13 60.06 13.17 4.00 720.0 55.41 55.34 55.05 48.91 - 
EOF142x60x13-t6.0N100FX 142.13 60.06 13.17 6.00 720.0 94.77 94.53 93.74 89.26 - 
EOF142x60x13-t1.3N120FX 142.15 60.09 13.06 1.24 760.0 7.28 7.01 6.24 5.42 - 
EOF142x60x13-t4.0N120FX 142.15 60.09 13.06 4.00 760.0 55.79 55.75 55.59 54.09 - 
EOF142x60x13-t6.0N120FX 142.15 60.09 13.06 6.00 760.0 94.88 94.69 94.09 92.58 - 
EOF142x60x13-t1.3N150FX 142.27 59.99 13.14 1.23 820.0 7.95 7.65 6.96 6.23 5.36 
EOF142x60x13-t4.0N150FX 142.27 59.99 13.14 4.00 820.0 56.55 56.52 56.41 56.16 51.38 
EOF142x60x13-t6.0N150FX 142.27 59.99 13.14 6.00 820.0 95.01 94.86 94.38 93.36 88.50 
EOF202x65x15-t1.4N100FX 202.01 65.57 14.51 1.40 900.0 7.14 6.84 5.87 - - 
EOF202x65x15-t4.0N100FX 202.01 65.57 14.51 4.00 900.0 64.39 60.49 50.54 - - 
EOF202x65x15-t6.0N100FX 202.01 65.57 14.51 6.00 900.0 116.67 115.92 108.08 - - 
EOF202x65x15-t1.4N120FX 202.02 65.39 14.71 1.40 939.0 7.61 7.33 6.40 5.22 - 
EOF202x65x15-t4.0N120FX 202.02 65.39 14.71 4.00 939.0 67.71 64.66 56.55 41.43 - 
EOF202x65x15-t6.0N120FX 202.02 65.39 14.71 6.00 939.0 116.82 116.34 113.70 83.24 - 
EOF202x65x15-t1.4N150FX 202.01 65.45 14.75 1.40 999.0 8.41 8.09 7.16 5.94 - 
EOF202x65x15-t4.0N150FX 202.01 65.45 14.75 4.00 999.0 67.87 66.82 62.65 53.28 - 
EOF202x65x15-t6.0N150FX 202.01 65.45 14.75 6.00 999.0 117.67 117.34 116.14 110.71 - 
EOF302x90x18-t2.0N100FX 302.91 88.61 18.66 1.90 1199.6 13.11 12.66 - - - 
EOF302x90x18-t4.0N100FX 302.91 88.61 18.66 4.00 1199.6 63.26 59.64 - - - 
EOF302x90x18-t6.0N100FX 302.91 88.61 18.66 6.00 1199.6 147.09 136.65 - - - 
EOF302x90x18-t2.0N120FX 303.36 89.06 18.79 1.90 1242.0 13.91 13.37 10.83 - - 
EOF302x90x18-t4.0N120FX 303.36 89.06 18.79 4.00 1242.0 67.88 63.57 50.64 - - 
EOF302x90x18-t6.0N120FX 303.36 89.06 18.79 6.00 1242.0 155.93 145.39 115.16 - - 
EOF302x90x18-t2.0N150FX 303.36 88.65 18.63 1.90 1298.0 15.43 14.82 12.23 - - 
EOF302x90x18-t4.0N150FX 303.36 88.65 18.63 4.00 1298.0 74.35 69.59 56.96 - - 
EOF302x90x18-t6.0N150FX 303.36 88.65 18.63 6.00 1298.0 156.97 153.97 128.88 - - 
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Table  3 
Dimensions and web crippling strengths predicted from finite element analysis in parametric study of a/h for offset hole where flanges unfastened to bearing 
plates 
Specimen Web Flange   Lip Thickness Length FEA load per web, PFEA 
 d bf bl t L A0 A0.2 A0.4 A0.6 
  (mm) (mm) (mm) (mm) (mm) (kN) (kN) (kN) (kN) 
142x60x13-t1.3-N100-FR 142.70 59.79 13.23 1.23 720.0 4.77 4.71 4.62 4.47 
142x60x13-t4.0-N100-FR 142.70 59.79 13.23 4.00 720.0 41.69 41.61 41.28 38.25 
142x60x13-t6.0-N100-FR 142.70 59.79 13.23 6.00 720.0 68.73 68.61 68.14 65.60 
142x60x13-t1.3-N120-FR 142.09 60.07 13.34 1.25 760.0 5.33 5.30 5.06 4.90 
142x60x13-t4.0-N120-FR 142.09 60.07 13.34 4.00 760.0 41.77 41.69 41.38 39.65 
142x60x13-t6.0-N120-FR 142.09 60.07 13.34 6.00 760.0 68.90 68.79 68.42 66.18 
142x60x13-t1.3-N150-FR 142.15 60.06 36.64 1.24 820.0 5.64 5.43 5.38 5.19 
142x60x13-t4.0-N150-FR 142.15 60.06 36.64 4.00 820.0 42.30 42.23 41.84 40.79 
142x60x13-t6.0-N150-FR 142.15 60.06 36.64 6.00 820.0 69.05 68.95 68.52 67.68 
202x65x15-t1.4-N100-FR 201.99 65.36 14.84 1.35 900.0 4.52 4.45 4.25 4.00 
202x65x15-t4.0-N100-FR 201.99 65.36 14.84 1.35 900.0 40.67 40.54 39.24 36.93 
202x65x15-t6.0-N100-FR 201.99 65.36 14.84 1.35 900.0 73.33 73.24 72.24 68.88 
202x65x15-t1.4-N120-FR 202.07 65.37 14.85 1.35 940.0 4.62 4.60 4.51 4.26 
202x65x15-t4.0-N120-FR 202.07 65.37 14.85 4.00 940.0 40.97 40.69 39.82 37.05 
202x65x15-t6.0-N120-FR 202.07 65.37 14.85 6.00 940.0 73.74 73.51 72.72 69.34 
202x65x15-t1.4-N150-FR 202.13 65.40 14.72 1.35 1000.0 5.02 4.97 4.80 4.60 
202x65x15-t4.0-N150-FR 202.13 65.40 14.72 4.00 1000.0 41.51 41.37 40.72 38.69 
202x65x15-t6.0-N150-FR 202.13 65.40 14.72 6.00 1000.0 74.13 73.93 73.12 70.21 
302x90x18-t2.0-N100-FR 303.42 88.20 18.56 1.90 1199.0 8.36 8.26 7.92 7.37 
302x90x18-t4.0-N100-FR 303.42 88.20 18.56 4.00 1199.0 43.30 42.86 41.71 40.04 
302x90x18-t6.0-N100-FR 303.42 88.20 18.56 6.00 1199.0 81.63 81.54 80.14 77.24 
302x90x18-t2.0-N120-FR 302.35 89.08 18.61 1.90 1238.8 8.61 8.51 8.37 8.10 
302x90x18-t4.0-N120-FR 302.35 89.08 18.61 4.00 1238.8 44.69 44.25 43.66 42.72 
302x90x18-t6.0-N120-FR 302.35 89.08 18.61 6.00 1238.8 82.43 82.15 81.33 79.01 
302x90x18-t2.0-N150-FR 303.37 88.86 18.45 1.90 1299.9 9.17 9.13 8.80 8.60 
302x90x18-t4.0-N150-FR 303.37 88.86 18.45 4.00 1299.9 46.63 46.23 45.29 43.95 
302x90x18-t6.0-N150-FR 303.37 88.86 18.45 6.00 1299.9 83.29 82.97 81.85 79.30 
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Table 4 
Dimensions and web crippling strengths predicted from finite element analysis in parametric study of a/h for offset hole where flanges fastened to bearing 
plates 
Specimen Web Flange   Lip Thickness Length FEA load per web, PFEA 
 d bf bl t L A0 A0.2 A0.4 A0.6 
  (mm) (mm) (mm) (mm) (mm) (kN) (kN) (kN) (kN) 
EOF142x60x13-t1.3N100FX 142.13 60.06 13.17 1.27 720.0 7.06 7.02 6.88 6.68 
EOF142x60x13-t4.0N100FX 142.13 60.06 13.17 4.00 720.0 55.41 55.32 54.97 48.45 
EOF142x60x13-t6.0N100FX 142.13 60.06 13.17 6.00 720.0 94.77 94.37 92.76 80.36 
EOF142x60x13-t1.3N120FX 142.15 60.09 13.06 1.24 760.0 7.28 7.24 7.11 6.92 
EOF142x60x13-t4.0N120FX 142.15 60.09 13.06 4.00 760.0 55.79 55.70 55.30 48.88 
EOF142x60x13-t6.0N120FX 142.15 60.09 13.06 6.00 760.0 94.88 94.46 92.98 80.68 
EOF142x60x13-t1.3N150FX 142.27 59.99 13.14 1.23 820.0 7.95 7.92 7.82 7.62 
EOF142x60x13-t4.0N150FX 142.27 59.99 13.14 4.00 820.0 56.55 56.45 55.93 49.33 
EOF142x60x13-t6.0N150FX 142.27 59.99 13.14 6.00 820.0 95.01 94.56 93.09 80.97 
EOF202x65x15-t1.4N100FX 202.01 65.57 14.51 1.40 900.0 7.14 7.08 6.89 6.58 
EOF202x65x15-t4.0N100FX 202.01 65.57 14.51 4.00 900.0 64.39 64.15 63.45 58.30 
EOF202x65x15-t6.0N100FX 202.01 65.57 14.51 6.00 900.0 116.67 116.09 114.32 100.46 
EOF202x65x15-t1.4N120FX 202.02 65.39 14.71 1.40 939.0 7.61 7.56 7.40 7.16 
EOF202x65x15-t4.0N120FX 202.02 65.39 14.71 4.00 939.0 67.71 67.43 66.49 58.42 
EOF202x65x15-t6.0N120FX 202.02 65.39 14.71 6.00 939.0 116.82 116.26 114.37 100.69 
EOF202x65x15-t1.4N150-FX 202.01 65.45 14.75 1.40 999.0 8.41 8.38 8.21 7.93 
EOF202x65x15-t4.0N150-FX 202.01 65.45 14.75 4.00 999.0 67.87 67.57 66.58 58.68 
EOF202x65x15-t6.0N150-FX 202.01 65.45 14.75 6.00 999.0 117.67 117.12 116.00 110.97 
EOF302x90x18-t2.0N100FX 302.91 88.61 18.66 1.90 1199.6 13.11 12.87 12.41 12.05 
EOF302x90x18-t4.0N100FX 302.91 88.61 18.66 4.00 1199.6 63.26 62.95 62.16 60.97 
EOF302x90x18-t6.0N100FX 302.91 88.61 18.66 6.00 1199.6 147.09 146.58 145.31 136.52 
EOF302x90x18-t2.0N120FX 303.36 89.06 18.79 1.90 1242.0 13.91 13.77 13.53 13.14 
EOF302x90x18-t4.0N120FX 303.36 89.06 18.79 4.00 1242.0 67.88 67.60 66.91 65.64 
EOF302x90x18-t6.0N120FX 303.36 89.06 18.79 6.00 1242.0 155.93 155.32 153.58 144.15 
EOF302x90x18-t2.0N150FX 303.36 88.65 18.63 1.90 1298.0 15.43 15.34 15.11 14.60 
EOF302x90x18-t4.0N150FX 303.36 88.65 18.63 4.00 1298.0 74.35 74.13 73.54 71.70 
EOF302x90x18-t6.0N150FX 303.36 88.65 18.63 6.00 1298.0 156.97 156.38 154.46 145.27 
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Table 5  
Dimensions and web crippling strengths predicted from finite element analysis in parametric study of x/h for offset hole where flanges unfastened to bearing 
plates 
Specimen Web Flange   Lip Thickness Length FEA load per web, PFEA 
 d bf bl t L X0 X0.2 X0.4 X0.6 
  (mm) (mm) (mm) (mm) (mm) (kN) (kN) (kN) (kN) 
142x60x13-t1.3-N100-A0-FR 142.70 59.79 13.23 1.23 720.0 4.77 4.77 4.77 4.77 
142x60x13-t1.3-N100-A0.2-FR 142.70 59.79 13.23 1.23 720.0 4.58 4.66 4.68 4.69 
142x60x13-t1.3-N100-A0.4-FR 142.70 59.79 13.23 1.23 720.0 3.96 4.41 4.49 4.56 
142x60x13-t1.3-N100-A0.6-FR 142.70 59.79 13.23 1.23 720.0 3.26 4.10 4.10 4.38 
142x60x13-t1.3-N120-A0-FR 142.09 60.07 13.34 1.25 760.0 5.33 5.33 5.33 5.33 
142x60x13-t1.3-N120-A0.2-FR 142.09 60.07 13.34 1.25 760.0 5.14 5.24 5.26 5.28 
142x60x13-t1.3-N120-A0.4-FR 142.09 60.07 13.34 1.25 760.0 4.48 4.84 4.91 4.98 
142x60x13-t1.3-N120-A0.6-FR 142.09 60.07 13.34 1.25 760.0 3.74 4.56 4.70 4.81 
142x60x13-t1.3-N150-A0-FR 142.15 60.06 13.27 1.24 820.0 5.64 5.64 5.64 5.64 
142x60x13-t1.3-N150-A0.2-FR 142.15 60.06 13.27 1.24 820.0 5.26 5.38 5.39 5.41 
142x60x13-t1.3-N150-A0.4-FR 142.15 60.06 13.27 1.24 820.0 4.68 5.18 5.24 5.30 
142x60x13-t1.3-N150-A0.6-FR 142.15 60.06 13.27 1.24 820.0 4.00 4.94 5.06 5.15 
142x60x13-t1.3-N150-A0.8-FR 142.15 60.06 13.27 1.24 820.0 3.32 4.76 4.84 4.92 
202x65x15-t1.4-N100-A0-FR 201.99 65.36 14.84 1.35 900.0 4.52 4.52 4.52 4.52 
202x65x15-t1.4-N100-A0.2-FR 201.99 65.36 14.84 1.35 900.0 4.09 4.43 4.43 4.44 
202x65x15-t1.4-N100-A0.4-FR 201.99 65.36 14.84 1.35 900.0 3.57 4.14 4.18 4.22 
202x65x15-t1.4-N120-A0-FR 202.07 65.37 14.85 1.35 940.0 4.62 4.62 4.62 4.62 
202x65x15-t1.4-N120-A0.2-FR 202.07 65.37 14.85 1.35 940.0 4.49 4.56 4.57 4.59 
202x65x15-t1.4-N120-A0.4-FR 202.07 65.37 14.85 1.35 940.0 3.98 4.37 4.42 4.48 
202x65x15-t1.4-N120-A0.6-FR 202.07 65.37 14.85 1.35 940.0 3.14 3.98 4.13 4.22 
202x65x15-t1.4-N150-A0-FR 202.13 65.40 14.72 1.35 1000.0 5.02 5.02 5.02 5.02 
202x65x15-t1.4-N150-A0.2-FR 202.13 65.40 14.72 1.35 1000.0 4.73 4.93 4.94 4.96 
202x65x15-t1.4-N150-A0.4-FR 202.13 65.40 14.72 1.35 1000.0 4.24 4.64 4.70 4.75 
202x65x15-t1.4-N150-A0.6-FR 202.13 65.40 14.72 1.35 1000.0 3.48 4.37 4.49 4.56 
302x90x18-t2.0-N100-A0-FR 303.42 88.20 18.56 1.90 1199.0 8.36 8.36 8.36 8.36 
302x90x18-t2.0-N100-A0.2-FR 303.42 88.20 18.56 1.90 1199.0 8.07 8.11 8.21 8.26 
302x90x18-t2.0-N120-A0-FR 302.35 89.08 18.61 1.90 1238.8 8.61 8.61 8.61 8.61 
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302x90x18-t2.0-N120-A0.2-FR 302.35 89.08 18.61 1.90 1238.8 8.30 8.49 8.57 8.60 
302x90x18-t2.0-N120-A0.4-FR 302.35 89.08 18.61 1.90 1238.8 7.67 8.01 8.21 8.34 
302x90x18-t2.0-N150-A0-FR 303.37 88.86 18.45 1.90 1299.9 9.17 9.17 9.17 9.17 
302x90x18-t2.0-N150-A0.2-FR 303.37 88.86 18.45 1.90 1299.9 8.80 9.05 9.13 9.14 
302x90x18-t2.0-N150-A0.4-FR 303.37 88.86 18.45 1.90 1299.9 8.30 8.60 8.76 8.78 
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Table 6 
Dimensions and web crippling strengths predicted from finite element analysis in parametric study of x/h for offset hole where flanges fastened to bearing 
plates 
Specimen Web Flange   Lip Thickness Length FEA load per web, PFEA 
 d bf bl t L X0 X0.2 X0.4 X0.6 
  (mm) (mm) (mm) (mm) (mm) (kN) (kN) (kN) (kN) 
EOF142x60x13-t1.3N100-A0-FX 142.13 60.06 13.17 1.27 720.0 7.06 7.06 7.06 7.06 
EOF142x60x13-t1.3N100-A0.2-FX 142.13 60.06 13.17 1.27 720.0 6.95 6.97 7.00 7.04 
EOF142x60x13-t1.3N100-A0.4-FX 142.13 60.06 13.17 1.27 720.0 6.61 6.70 6.81 6.86 
EOF142x60x13-t1.3N100-A0.6-FX 142.13 60.06 13.17 1.27 720.0 6.14 6.32 6.47 6.56 
EOF142x60x13-t1.3N120-A0-FX 142.15 60.09 13.06 1.24 760.0 7.28 7.28 7.28 7.28 
EOF142x60x13-t1.3N120-A0.2-FX 142.15 60.09 13.06 1.24 760.0 7.17 7.20 7.23 7.26 
EOF142x60x13-t1.3N120-A0.4-FX 142.15 60.09 13.06 1.24 760.0 6.86 6.95 7.04 7.08 
EOF142x60x13-t1.3N120-A0.6-FX 142.15 60.09 13.06 1.24 760.0 6.43 6.58 6.69 6.78 
EOF142x60x13-t1.3N150-A0-FX 142.27 59.99 13.14 1.23 820.0 7.95 7.95 7.95 7.95 
EOF142x60x13-t1.3N150-A0.2-FX 142.27 59.99 13.14 1.23 820.0 7.85 7.87 7.90 7.94 
EOF142x60x13-t1.3N150-A0.4-FX 142.27 59.99 13.14 1.23 820.0 7.55 7.65 7.72 7.75 
EOF142x60x13-t1.3N150-A0.6-FX 142.27 59.99 13.14 1.23 820.0 7.20 7.27 7.35 7.43 
EOF202x65x15-t1.4N100-A0-FX 202.01 65.57 14.51 1.40 900.0 7.14 7.14 7.14 7.14 
EOF202x65x15-t1.4N100-A0.2-FX 202.01 65.57 14.51 1.40 900.0 6.97 7.01 7.11 7.12 
EOF202x65x15-t1.4N100-A0.4-FX 202.01 65.57 14.51 1.40 900.0 6.51 6.69 6.83 6.91 
EOF202x65x15-t1.4N100-A0.6-FX 202.01 65.57 14.51 1.40 900.0 6.01 6.21 6.33 6.48 
EOF202x65x15-t1.4N120-A0-FX 202.02 65.39 14.71 1.40 939.0 7.61 7.61 7.61 7.61 
EOF202x65x15-t1.4N120-A0.2-FX 202.02 65.39 14.71 1.40 939.0 7.49 7.55 7.59 7.60 
EOF202x65x15-t1.4N120-A0.4-FX 202.02 65.39 14.71 1.40 939.0 7.12 7.28 7.32 7.35 
EOF202x65x15-t1.4N120-A0.6-FX 202.02 65.39 14.71 1.40 939.0 6.60 6.75 6.86 7.03 
EOF202x65x15-t1.4N150-A0-FX 202.01 65.45 14.75 1.40 999.0 8.41 8.41 8.41 8.41 
EOF202x65x15-t1.4N150-A0.2-FX 202.01 65.45 14.75 1.40 999.0 8.29 8.35 8.38 8.39 
EOF202x65x15-t1.4N150-A0.4-FX 202.01 65.45 14.75 1.40 999.0 7.94 8.07 8.10 8.15 
EOF202x65x15-t1.4N150-A0.6-FX 202.01 65.45 14.75 1.40 999.0 7.38 7.47 7.58 7.75 
EOF302x90x18-t2.0N100-A0-FX 302.91 88.61 18.66 1.90 1199.6 13.11 13.11 13.11 13.11 
EOF302x90x18-t2.0N100-A0.2-FX 302.91 88.61 18.66 1.90 1199.6 12.78 13.05 13.05 13.07 
EOF302x90x18-t2.0N120-A0-FX 303.36 89.06 18.79 1.90 1242.0 13.91 13.91 13.91 13.91 
EOF302x90x18-t2.0N120-A0.2-FX 303.36 89.06 18.79 1.90 1242.0 13.77 13.88 13.89 13.90 
 27 
EOF302x90x18-t2.0N120-A0.4-FX 303.36 89.06 18.79 1.90 1242.0 13.03 13.31 13.39 13.47 
EOF302x90x18-t2.0N150-A0-FX 303.36 88.65 18.63 1.90 1298.0 15.43 15.43 15.43 15.43 
EOF302x90x18-t2.0N150-A0.2-FX 303.36 88.65 18.63 1.90 1298.0 15.32 15.35 15.38 15.41 
EOF302x90x18-t2.0N150-A0.4-FX 303.36 88.65 18.63 1.90 1298.0 14.55 14.65 14.70 15.01 
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Table  7  
Comparison of experimental and numerical results with design strength for case of flanges unfastened to bearing plates 
Specimen Web 
slenderness 
Bearing 
length 
ratio 
Bearing 
length 
ratio 
Inside 
bend 
radius 
ratio 
Failure 
load per 
web      
(PEXP) 
Web crippling strength per 
web predicted from current 
design codes 
Comparison   
 h/t N/t N/h ri/t P  PBS   PEuro.  PNAS   P/PBS P/PEuro  P/PNAS 
          (kN) (kN) (kN) (kN)       
142x60x13-t1.3-N100-A0-FR-T1 114.01 81.30 0.71 3.90 4.78 2.39 2.55 6.54 2.00 1.88 - 
142x60x13-t1.3-N100-A0-FR-T2 113.58 81.30 0.72 3.90 4.81 2.39 2.55 6.54 2.01 1.89 - 
142x60x13-t1.3-N100-A0-FR-T3 113.77 81.30 0.71 3.90 4.76 2.39 2.55 6.54 1.99 1.87 - 
142x60x13-t1.3-N120-A0-FR 111.67 96.00 0.86 3.84 5.41 2.72 2.99 7.24 1.99 1.81 - 
142x60x13-t1.3-N150-A0-FR 112.64 120.97 1.07 3.87 5.56 2.99 3.42 7.78 1.86 1.62 - 
202x65x15-t1.4-N100-A0-FR 147.62 74.07 0.50 3.70 3.43 2.69 2.81 8.67 1.27 1.22 - 
202x65x15-t1.4-N120-A0-FR 147.68 88.89 0.60 3.70 4.60 2.92 3.16 9.29 1.58 1.46 - 
202x65x15-t1.4-N150-A0-FR 147.72 111.11 0.75 3.70 4.96 3.26 3.67 10.13 1.52 1.35 - 
302x90x18-t2.0-N100-A0-FR 157.69 52.63 0.33 2.63 7.92 6.00 5.89 14.17 1.32 1.35 0.56 
302x90x18-t2.0-N120-A0-FR 157.13 63.16 0.40 2.63 8.66 6.42 6.52 15.15 1.35 1.33 0.57 
302x90x18-t2.0-N150-A0-FR 157.67 78.95 0.50 2.63 8.81 7.03 7.44 16.45 1.25 1.18 0.54 
Mean, Pm         1.65 1.54 0.56 
Coefficient of variation, Vp         0.195 0.181 0.033 
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Table  8  
Comparison of experimental and numerical results with design strength for case of flanges fastened to bearing plates 
Specimen Web 
slenderness 
Bearing 
length 
ratio 
Bearing 
length 
ratio 
Inside 
bend 
radius 
ratio 
Failure 
load per 
web      
(PEXP) 
Web crippling strength per 
web predicted from current 
design codes 
Comparison   
 h/t N/t N/h ri/t P  PBS   PEuro.  PNAS   P/PBS P/PEuro  P/PNAS 
          (kN) (kN) (kN) (kN)       
142x60x13-t1.3-N100-A0-FX-T1 113.56 81.30 0.72 3.90 7.07 3.38 3.38 6.54 2.09 2.09 - 
142x60x13-t1.3-N100-A0-FX-T2 113.61 81.30 0.72 3.90 6.80 3.38 3.38 6.54 2.01 2.01 - 
142x60x13-t1.3-N100-A0-FX-T3 113.59 81.30 0.72 3.90 7.04 3.38 3.38 6.54 2.08 2.08 - 
142x60x13-t1.3-N120-A0-FX 111.72 96.00 0.86 3.84 7.33 3.85 3.86 7.24 1.90 1.90 - 
142x60x13-t1.3-N150-A0-FX 112.73 120.97 1.07 3.87 7.97 4.23 4.23 7.78 1.89 1.88 - 
202x65x15-t1.4-N100-A0-FX 147.63 74.07 0.50 3.70 6.53 3.68 3.69 8.67 1.77 1.77 - 
202x65x15-t1.4-N120-A0-FX 147.64 88.89 0.60 3.70 7.11 4.00 4.00 9.29 1.78 1.78 - 
202x65x15-t1.4-N150-A0-FX 147.64 111.11 0.75 3.70 7.73 4.47 4.47 10.13 1.73 1.73 - 
302x90x18-t2.0-N100-A0-FX 157.43 52.63 0.33 2.63 11.07 8.14 8.14 14.17 1.36 1.36 0.78 
302x90x18-t2.0-N120-A0-FX 157.66 63.16 0.40 2.63 12.31 8.69 8.70 15.14 1.42 1.41 0.81 
302x90x18-t2.0-N150-A0-FX 157.66 78.95 0.50 2.63 12.58 9.53 9.54 16.45 1.32 1.32 0.76 
Mean, Pm        1.76 1.76 0.79 
Coefficient of variation, Vp        0.160 0.160 0.031 
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Table  9  
Comparison of web crippling strength with NAS design strength for offset hole where flanges fastened to bearing plates 
Specimen  
Web 
slenderness  
Hole 
diameter 
ratio 
Hole 
distance 
ratio 
Distance 
between 
holes 
Distance 
between end of 
member and 
end of holes 
Failure load 
per web with 
holes 
Failure load 
per web 
without holes 
Reduction factor 
from exp.  
Factored resistance  
Comparison 
with factor 
resistance  
 h/t  a/h  x/h dholes  ded P(Hole) P(A0) R=P(Hole)/P(A0) 
RNAS=1.01-
0.325(a/h)+0.083(x/h) 
R/RNAS 
 KW a/h <0.7  GKROHV457 G      
        (mm) (mm) (kN) (kN)       
202x65x15-t1.4-N150-A0.4-FX 142.30 0.40 0.30 499.50 210.09 8.21 8.41 0.98 0.91 1.08 
142x60x13-t1.3-N150-A0.6-FX 113.67 0.60 0.90 486.18 276.15 7.62 7.95 0.96 0.89 1.08 
142x60x13-t4.0-N150-A0.4-FX 33.57 0.42 0.94 458.22 276.15 55.93 56.55 0.99 0.95 1.04 
142x60x13-t4.0-N150-A0.6-FX 33.57 0.62 0.94 486.18 276.15 49.33 56.55 0.87 0.88 0.99 
142x60x13-t6.0-N150-A0.4-FX 21.71 0.43 0.97 458.22 276.15 93.09 95.01 0.98 0.95 1.03 
142x60x13-t6.0-N150-A0.6-FX 21.71 0.64 0.97 486.18 276.15 80.97 95.01 0.85 0.88 0.97 
202x65x15-t1.4-N100-A0.6-FX 142.29 0.60 0.69 496.51 238.46 6.58 7.14 0.92 0.87 1.06 
202x65x15-t4.0-N100-A0.6-FX 48.50 0.62 0.71 496.51 238.46 58.30 64.39 0.91 0.87 1.04 
202x65x15-t6.0-N100-A0.6-FX 31.67 0.63 0.73 496.51 238.46 100.46 116.67 0.86 0.87 0.99 
202x65x15-t1.4-N120-A0.4-FX 142.30 0.40 0.72 488.65 264.46 7.40 7.61 0.97 0.94 1.03 
202x65x15-t1.4-N120-A0.6-FX 142.30 0.60 0.72 528.51 264.46 7.16 7.61 0.94 0.88 1.08 
202x65x15-t4.0-N120-A0.4-FX 48.50 0.41 0.74 488.65 264.46 66.49 67.71 0.98 0.94 1.05 
202x65x15-t4.0-N120-A0.6-FX 48.50 0.62 0.74 528.51 264.46 58.42 67.71 0.86 0.87 0.99 
202x65x15-t6.0-N120-A0.6-FX 31.67 0.63 0.76 528.51 264.46 100.69 116.82 0.86 0.87 0.99 
202x65x15-t1.4-N150-A0.2-FX 142.30 0.20 0.77 497.25 303.69 8.38 8.41 1.00 1.01 0.99 
202x65x15-t1.4-N150-A0.4-FX 142.30 0.40 0.77 537.11 303.69 8.21 8.41 0.98 0.94 1.03 
202x65x15-t1.4-N150-A0.6-FX 142.30 0.60 0.77 576.97 303.69 7.93 8.41 0.94 0.88 1.07 
202x65x15-t4.0-N150-A0.2-FX 48.50 0.21 0.79 497.25 303.69 67.57 67.87 1.00 1.01 0.99 
202x65x15-t4.0-N150-A0.4-FX 48.50 0.41 0.79 537.11 303.69 66.58 67.87 0.98 0.94 1.04 
202x65x15-t4.0-N150-A0.6-FX 48.50 0.62 0.79 576.97 303.69 58.68 67.87 0.86 0.88 0.99 
202x65x15-t6.0-N150-A0.2-FX 31.67 0.21 0.81 497.25 303.69 117.12 117.67 1.00 1.01 0.99 
202x65x15-t6.0-N150-A0.4-FX 31.67 0.42 0.81 537.11 303.69 116.00 117.67 0.99 0.94 1.05 
202x65x15-t6.0-N150-A0.6-FX 31.67 0.63 0.81 576.97 303.69 110.97 117.67 0.94 0.87 1.08 
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302x90x18-t2.0-N120-A0.2-FX 157.66 0.20 0.64 562.07 311.08 13.77 13.91 0.99 1.00 0.99 
302x90x18-t2.0-N120-A0.4-FX 157.66 0.40 0.64 621.98 311.08 13.53 13.91 0.97 0.93 1.04 
302x90x18-t4.0-N120-A0.2-FX 73.84 0.41 0.65 562.07 311.08 67.60 67.88 1.00 0.93 1.07 
302x90x18-t4.0-N120-A0.4-FX 73.84 0.41 0.65 621.98 311.08 66.91 67.88 0.99 0.93 1.06 
302x90x18-t6.0-N120-A0.2-FX 48.56 0.41 0.66 562.07 311.08 153.58 155.93 0.98 0.93 1.06 
302x90x18-t6.0-N120-A0.4-FX 48.56 0.41 0.66 621.98 311.08 144.15 155.93 0.92 0.93 0.99 
302x90x18-t2.0-N150-A0.2-FX 157.66 0.20 0.67 609.30 349.69 15.34 15.43 0.99 1.00 0.99 
302x90x18-t2.0-N150-A0.4-FX 157.66 0.40 0.67 669.21 349.69 15.11 15.43 0.98 0.94 1.05 
302x90x18-t4.0-N150-A0.2-FX 73.84 0.20 0.68 609.30 349.69 74.13 74.35 1.00 1.00 1.00 
302x90x18-t4.0-N150-A0.4-FX 73.84 0.41 0.68 669.21 349.69 73.54 74.35 0.99 0.93 1.06 
302x90x18-t6.0-N150-A0.2-FX 48.56 0.21 0.69 609.30 349.69 156.38 156.97 1.00 1.00 1.00 
302x90x18-t6.0-N150-A0.4-FX 48.56 0.41 0.69 669.21 349.69 154.46 156.97 0.98 0.93 1.05 
202x65x15-t1.4-N150-A0.4-X0.6-FX 142.30 0.40 0.60 468.90 269.59 8.15 8.41 0.97 0.93 1.04 
202x65x15-t1.4-N150-A0.6-X0.6-FX 142.30 0.60 0.60 508.76 269.59 7.75 8.41 0.92 0.86 1.06 
302x90x18-t2.0-N150-A0.2-X0.6-FX 157.66 0.20 0.60 569.38 329.73 15.41 15.43 1.00 0.99 1.00 
302x90x18-t2.0-N150-A0.4X-0.6-FX 157.66 0.40 0.60 629.29 329.73 15.01 15.43 0.97 0.93 1.05 
Mean           1.03 
COV                   0.033 
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Table  10 
Statistical analysis for comparison of strength reduction factor for centred hole where flanges unfastened to bearing plates 
Statistical parameters R (Test & FEA) / Rp (0.96-0.34(a/h)+0.09(N/h)) 
Number of data 91 
Mean, Pm 1.00 
Coefficient of variation, Vp 0.091 
Reliability index, ȕ 2.69 
Resistance factor, I 0.85 
 
 
Table  11   
Statistical analysis for comparison of strength reduction factor for centred hole where flanges fastened to bearing plates 
Statistical parameters R (Test & FEA) / Rp (0.93-0.41(a/h)+0.16(N/h)) 
Number of data 91 
Mean, Pm 1.00 
Coefficient of variation, Vp 0.092 
Reliability index, ȕ 2.69 
Resistance factor, I 0.85 
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Table  12  
Statistical analysis for comparison of strength reduction factor for offset hole where flanges unfastened to bearing plates 
Statistical parameters R (Test & FEA) / Rp (0.97-0.26(a/h)+0.14 (x/h)) 
Number of data 228 
Mean, Pm 1.00 
Coefficient of variation, Vp 0.042 
Reliability index, ȕ 2.86 
Resistance factor, I 0.85 
 
 
Table  13 
Statistical analysis for comparison of strength reduction factor for offset hole where flanges fastened to bearing plates 
Statistical parameters R (Test & FEA) / Rp (0.97-0.14(a/h)+0.07(x/h)) 
Number of data 228 
Mean, Pm 1.01 
Coefficient of variation, Vp 0.029 
Reliability index, ȕ 2.91 
Resistance factor, I 0.85 
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(a) With holes centred above bearing plate 
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(b) With holes offset from bearing plate         
Fig.1 End-one-flange loading condition  
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Fig.2 Definition of symbols 
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(a) Flanges unfastened case 
 
        
                                                                     (b) Flanges fastened case 
 
Fig.3 Variation in reduction factors with a/h for C142 section with centred hole 
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(a) Flanges unfastened case
 
(b) Flanges fastened case 
 
Fig.4 Variation in reduction factors with N/h for C142 section with centred hole 
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(a) Flanges unfastened case  
 
(b) Flanges fastened case 
 
Fig.5 Variation in reduction factors with a/h for C142 section with offset hole 
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(a) Flanges unfastened case
 
(b) Flanges fastened case 
Fig.6 Variation in reduction factors with x/h for C142 section with offset hole 
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Fig.7 Comparison of strength reduction factor for centred hole where flanges  
unfastened to bearing plates 
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Fig.8 Comparison of strength reduction factor for centred hole where flanges fastened 
to bearing plates 
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Fig.9 Comparison of strength reduction factor for offset hole where flanges unfastened 
to bearing plates 
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Fig.10 Comparison of strength reduction factor for offset hole where flanges fastened to 
bearing plates 
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
R
 /
R
p
 
a/h  Ratio
R(Test&FEA)/Rp(0.97-0.14(a/h)+0.07(x/h))
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
0 20 40 60 80 100 120 140 160 180 200
R
 /
R
p
 
h/t  Ratio
R(Test&FEA)/Rp(0.97-0.14(a/h)+0.07(x/h))
